Diabatic description of rotational bands provides a clear-cut picture for understanding the back-bending phenomena, where the internal structure of the yrast band changes dramatically as a function of angular momentum. A microscopic framework to obtain the diabatic bands within the mean-field approximation is presented by making use of the selfconsistent collective coordinate method. Applying the framework, both the ground state rotational bands and the Stockholm bands are studied systematically for the rare-earth deformed nuclei. An overall agreement has been achieved between the calculated and observed rotational spectra. It is also shown that the inclusion of the double-stretched quadrupole-pairing interaction is crucial to obtain an overall agreement for the even-odd mass differences and the rotational spectra simultaneously. §1. Introduction Back-bending of the yrast rotational bands is one of the most striking phenomena in the spectroscopic studies of rapidly rotating nuclei. 1), 2) The first back-bending, which has been observed systematically in the rotational bands of the rare-earth nuclei, has been understood as a band-crossing between the ground state rotational band (g-band) and the lowest two quasineutron excited band (s-band). A simple approach to describe the band-crossing is the cranked mean-field approximation, where the concept of independent particle motion in the rotating frame is fully employed. As long as the conventional (adiabatic) cranking model is used, however, the two bands mix at the same rotational frequency and, in the crossing region, loose their identities as individual rotational bands. It should be noted that the difficulty lies in the fact that the angular momenta of two bands are considerably different in the vicinity of the crossing frequency where the mixing takes place, especially in the case of sharp back-bendings, and such a mixing is largely unphysical. 3), 4), 5)
§1. Introduction
Back-bending of the yrast rotational bands is one of the most striking phenomena in the spectroscopic studies of rapidly rotating nuclei. 1), 2) The first back-bending, which has been observed systematically in the rotational bands of the rare-earth nuclei, has been understood as a band-crossing between the ground state rotational band (g-band) and the lowest two quasineutron excited band (s-band). A simple approach to describe the band-crossing is the cranked mean-field approximation, where the concept of independent particle motion in the rotating frame is fully employed. As long as the conventional (adiabatic) cranking model is used, however, the two bands mix at the same rotational frequency and, in the crossing region, loose their identities as individual rotational bands. It should be noted that the difficulty lies in the fact that the angular momenta of two bands are considerably different in the vicinity of the crossing frequency where the mixing takes place, especially in the case of sharp back-bendings, and such a mixing is largely unphysical. 3), 4), 5) A key to solve this problem is to construct diabatic rotational bands, where the internal structure of the band does not change abruptly. 6), 7), 8), 9) Once reliable diabatic bands are obtained it is rather straightforward to mix them if the number of independent bands are few as in the case of the first back-bending. Note, however, that it is highly non-trivial how to construct reliable diabatic bands in the mean-field approximation, because it is based on the variational principle and the mixing at the same rotational frequency is inevitable for states with the same quantum numbers (in the intrinsic frame). On the other hand, in the mean-field approximation, the effects of rotational motion on the internal structure of the g-band can be nicely taken into account as selfconsistent changes of the deformation and the pairing gap parameters. Furthermore, rotation alignment effects of the quasiparticle angular momenta are described in a simple and clear way. Therefore, it is desired to develop a method to describe the rotational band diabatically within the mean-field approximation.
In this paper, we present a powerful method to obtain reliable diabatic rotational bands by making use of the selfconsistent collective coordinate (SCC) method. 10) The method is applied to the g-and s-bands and the results for nuclei in the rareearth region are compared systematically with experimental data. In order to reproduce the rotational spectra, the choice of residual interaction is essential. We use the pairing-plus-quadrupole force type interaction. 11) However, it has been well-known that the moment of inertia is generally underestimated by about 20−30% if only the monopole-pairing interaction is included. 12) Therefore, we exploit the monopole and quadrupole type interaction in the pairing channel, and investigate the best form of the quadrupole-pairing part. This is done in §2. After fixing the suitable residual interaction, we present in §3 a formulation to describe the diabtic rotational bands and results of its application to nuclei in the rare-earth region. In practical applications it often happens that a complete set of the diabatic quasiparticle basis is necessary; for example, in order to go beyond the mean-field approximation. For this purpose, we present in §4 a practical method to construct the diabatic quasiparticle basis satisfying the orthonormality condition. Concluding remarks are given in §5. §2. Quadrupole-pairing interaction suitable for deformed nuclei
In this section we try to fix the form of residual interactions, which is suitable to describe the properties of deformed rotating nuclei. It might be desirable to use effective interactions like Skyrme-type interactions, 13) but that is out of scope of the present investigation. We assume the separable-type schematic interactions instead, and try to fix their forms and strengths by a global fit of the basic properties; the even-odd mass difference and the moment of inertia.
Residual interactions
The residual interaction we use in the present work is of the following form:
where the first and the second terms are the monopole-and quadrupole-pairing interactions, while the third term is the quadrupole particle-hole type interaction. The pairing interactions are set up for neutrons and protons separately (the T = 1 and T z = ±1 pairing) as usual, although it is not stated explicitly, and only the isoscalar part is considered for the quadrupole interaction. The quadrupole-pairing interaction is included for purpose of better description of moment of inertia: It has been known for many years 12) that the cranking moments of inertia evaluated taking into account only the monopole-pairing interaction underestimate the experimental ones systematically in the rare-earth region, as long as the monopole-pairing strength is fixed to reproduces the even-odd mass differences. It should be mentioned that the treatment of residual interactions in the pairing and the particle-hole channels are different: In the pairing channel the mean-field (pairing gap) is determined by the interaction selfconsistently, while that in the particle-hole channel (spatial deformation) is obtained by the Nilsson-Strutinsky method 14) , 15) and the interaction in this channel only describes the dynamical effects, i.e. the fluctuations around the equilibrium mean-field. The basic quantity for deformed nuclei is the equilibrium deformation. For the present investigation, where the properties of deformed rotational nuclei are systematically studied, the Nilsson-Strutinsky method is most suitable to determine the equilibrium deformations, because there is no adjustable parameters. As emphasized by Kishimoto and Sakamoto, 17) the particle-hole type quadrupole interaction for deformed nuclei should be of the double-stretched form: 17), 18), 19) 
where c † i is the nucleon creation operator in the Nilsson state |i . (O) ′′ means that the Cartesian coordinate in the operator O should be replaced such as x k → x ′′ k ≡ (ω k /ω 0 )x k (k = x, y, z), where ω x , ω y and ω z are frequencies of the anisotropic oscillator potential and related to the deformation parameter (ǫ 2 , γ); 15), 16) herē hω 0 ≡h(ω x ω y ω z ) 1/3 = 41.0/A 1/3 MeV (A is the mass number). Then the selfconsistent condition gives, at the equilibrium shape, a vanishing mean value for the double-stretched quadrupole operator, Q 2K = 0, and thus the meaning of residual interaction is apparent for the double-stretched interaction. Moreover, the force strengths are determined at the same time to be the so-called selfconsistent value, by which the β-and γ-vibrational excitations are correctly described. Strictly speaking, the vanishing mean value of Q 2K holds only for the harmonic oscillator model. It is, however, easily confirmed that the mean value vanishes in a good approximation in the case of Nilsson potential. In fact the calculated ratio of mean values of the double-stretched and non-stretched quadrupole operator is typically within few percent, if the deformation parameter determined by the Strutinsky procedure is used. Pairing correlations are important for the nuclear structure problem as well. The operators entering in the pairing type residual interactions are of the form the monopole part of which leads to the ordinary BCS treatment. Note that the generalized Bogoliubov transformation is necessary in order to treat the quadrupolepairing interaction, since the pairing potential becomes state-dependent and contains non-diagonal elements: (2 . 5) where ∆ 00 = G 0 P 00 and ∆ 2K = G 2 P 2K , the expectation values being taken with respect to the resultant HB state. For the application of these residual interaction we are mainly concerned with deformed nuclei in the rare-earth region, where the neutron and proton numbers are considerably different. In such a case, the "iso-stretching" of multipole operators, 20), 21) Q τ → (2N τ /A) 2/3 Q τ for τ = ν, π (N τ denotes the neutron or proton number and A the mass number), is necessary in accordance with the difference of the oscillator frequencies, ω τ 0 = (2N τ /A) 1/3 ω 0 , or of the oscillator length,
We employ this modification for the quadrupole interaction in the particle-hole channel.
Treatment of pairing interactions
As for the quadrupole-pairing part, there are at least three variants that have been used in the literature. 22), 23), 24), 25), 26), 27) Namely, they are non-stretched, single-stretched and double-stretched quadrupole-pairing interactions, where the pairing form factor in the operator in Eq. (2 . 4) is defined as,
respectively. The single-stretching of operators is analogously performed by the replacement,
Note that there are matrix elements between the Nilsson states with ∆N osc = ±2 in Eq. (2 . 6). We have neglected them in the generalized Bogoliubov transformation in accordance with the treatment of the Nilsson potential, which is arranged to have vanishing matrix elements of ∆N osc = ±2. * )
Consistently to the Nilsson-Strutinsky method, we use the smoothed pairing gap method 14) in which the monopole-pairing force strength is determined for a given set of single-particle energies by
where g F is the Strutinsky smoothed single-particle level density at the Fermi surface, Λ is the cutoff energy of pairing model space, for which we use Λ = 1.2hω 0 , and ∆ is the smoothed pairing gap. We introduce a parameter d (MeV) to control the strength of the monopole-pairing force by 8) through Eq. (2 . 7), where the same smoothed pairing gap is used for both neutrons and protons, for simplicity. As for the quadrupole-pairing force strength, we take the following form,
Thus, we have two parameters d (in MeV) and g 2 for the residual interactions in the pairing channel. It is worthwhile mentioning that Eq. (2 . 7) gives the form,
, with c = 41.0 3 2/3 2 4/3 log 2Λ/ ∆ , (2 . 10)
for the semiclassical treatment of the isotropic harmonic oscillator model, 28), 29) where g τ F ≈ (3N ) 2/3 /(hω τ 0 ), and it is a good approximation for the Nilsson potential. The quantity log 2Λ/ ∆ depends very slowly on the mass number and can be replaced by a representative value for a restricted region of mass table. Taking A = 170, one obtains c ≈ 23, which gives the monopole-pairing force strength often used for nuclei in the rare-earth region.
Determination of parameters d and g 2
Now let us determine the form of the quadrupole-pairing interaction. Namely, we would like to answer the question of which form factor in Eq. (2 . 6) is best, and of what are the values of the parameters, d and g 2 , introduced in the previous subsection. For this purpose, we adopt the following criteria; the moments of inertia J 0 of the Harris formula 30) and the even-odd mass differences (the third order formula 28) ) for even-even nuclei should be simultaneously reproduced as good as possible. Since the neutron contribution is more important for the moment of inertia, we have used the even-odd mass difference for neutrons, E (e-o) ν . Then it turns out that the proton even-odd mass difference is also reasonably well reproduced as long as the same smoothed pairing gap is used for neutrons and protons. Thus, the two parameters d (MeV) and g 2 are searched so as to minimize the root-mean-square deviations of these quantities divided by their average values,
. Nuclei used in the search are chosen from even-even rare-earth nuclei in Table I , thus N data = 83 (58) for x = E (e-o) ν (J 0 ). Note that the neutron even-odd mass difference has been calculated in the same way as the experimental data by taking the third order difference of calculated binding energies for even and odd N nuclei, where the blocking HB calculation has been done for odd-mass nuclei. In the Nilsson-Strutinsky method the grid of deformation parameters −0.08 ≤ ǫ 2 ≤ 0.40 and −0.08 ≤ ǫ 4 ≤ 0.12 with an interval of 0.04 are used. The ls and ll parameters of the Nilsson potential are taken from Ref. 31) . We have assumed the axial symmetry in the calculation of this subsection since only the ground state properties are examined. Experimental binding energies are taken from the 1993 Atomic Mass Evaluation. 32) As for the experimental moment of inertia, the Harris parameters, J 0 and J 1 , are calculated from the observed excitation energies of the 2 + and 4 + states belonging to the ground state band, experimental data being taken from Ref. 33 ) and the ENSDF database. 34) If the value of J 0 calculated in this way becomes negative or J 1 greater than 1000h 4 /MeV 3 (this happens for near spherical nuclei), then J 0 is evaluated by only using the 2 + energy, i.e. by 3/E 2 + . The Thouless-Valtion moment of inertia, 35) which includes the effect of the K = 1 component of the residual quadrupole-pairing interaction, is employed as the calculated moment of inertia. Here, again, the matrix elements between states with ∆N osc = ±2 are neglected for simplicity in the same way as in the step of diagonalization of the mean-field Hamiltonian. The contributions of them are rather small for the calculation of moment of inertia, since the ∆N osc = ±2 matrix elements of the angular momentum operator are smaller than the ∆N osc = 0 ones by a factor ≈ ǫ 2 and the energy denominators are larger. We have checked that those effects are less than 5 % for the Thouless-Valatin moment of inertia in well deformed nuclei.
In Fig. 1 we show root-mean-square deviations of the result of calculation for neutron even-odd mass differences and moments of inertia. We have found that the behaviors of these two quantities, X rms (E (e-o) ν ) and X rms (J 0 ), as functions of g 2 with fixed d are opposite, and so the mean value
become almost constant, especially for the case of the non-stretched quadrupolepairing. Therefore, we also display the results for the maximum among the two,
As is clear from Fig. 1 , the best fit is obtained for the double-stretched quadrupolepairing interaction with d = 14 (MeV) and g 2 = 30. It should be mentioned that the value of g 2 is close to the one g 2 = 28π/3 in Ref. 22) , where it is derived from the multipole decomposition of the δ-interaction and this argument is equally applicable if the double-stretched coordinate is used in the interaction. It is interesting to notice that if the non-stretched or the single-stretched quadrupole-pairing interaction is used, then one cannot make either X rms or X M rms smaller than 0.2. X rms in the nonstretched case is rather flat as a function of g 2 and the minimum occurs at d = 12 (MeV) and g 2 = 0 (no quadrupole-pairing). X M rms in the non-stretched case takes the minimum at small quadrupole-pairing, d = 12 (MeV) and g 2 = 2. Both X rms and X M rms are flat as a function of g 2 also in the single-stretched case, and take the minimum at d = 12 (MeV) and g 2 = 16. In contrast, the double-stretched interaction gives well developed minima for both X rms and X M rms . These results clearly show that one has to use the double-stretched quadrupole-pairing interaction.
One may wonder why the non-and single-stretched interactions do not essentially improve the root-mean-square deviations. The quadrupole-pairing interaction affects E (e-o) ν and J 0 in two ways: One is the static (mean-field) effect through the change of static pairing potential (2 . 5) , and the other is a dynamical effect (higher order than the mean-field approximation) and typically appears as the Migdal term in the Thouless-Valatin moment of inertia (c.f. Eq. (3 . 73) and (3 . 74)). The former effect can be estimated by the averaged pairing gap, 14) where the summation is taken over the Nilsson basis state i's included in the pairing model space. Stronger quadrupole-pairing interaction results in larger ∆, which leads to the increase of even-odd mass difference on one hand and the reduction of moment of inertia on the other hand. The Migdal term coming from the K = 1 component of the quadrupole-pairing interaction makes the moment of inertia larger when the force strength is increased. Therefore, the moment of inertia either increases or decreases as a function of force strength, depending on which effect is stronger. In Fig. 2 , we have shown the energy gap and the moment of inertia for a typical rare-earth deformed nuclei 168 Yb as functions of the two parameters d and g 2 in parallel with Fig. 1 . One can see that the average as well as monopole-pairing gaps increase rapidly as functions of the quadrupole-pairing strength if the non-stretched interaction is used. This static effect is so strong that the Thouless-Valatin moment of inertia decreases. In the case of the single-stretched case, similar trend is observed for the pairing gap, though it is not so dramatic as in the case of non-stretched interaction. The static effect almost cancels out the dynamical effect and then the Thouless-Valatin moment of inertia stays almost constant against g 2 in this case. On the other hand, if one uses the double-stretched interaction, the pairing gap stays almost constant as a function of g 2 . This is because P 2K ≈ 0 holds in a very good approximation, which is in parallel with the fact that the quadrupole equilibrium shape satisfies the selfconsistent condition, Q 2K = 0, for the doublestretched quadupole operator. Thus the effect of the double-stretched quadrupolepairing interaction plays a similar role as the particle-hole interaction channel; it acts as a residual interaction and does not contribute to the static mean-field.
Results of calculation
It has been found in the previous subsection that the double-stretched form of the quadrupole-pairing interaction with parameters d = 14 MeV and g 2 = 30 gives best fitting for the even-odd mass differences and the moments of inertia in the rare-earth region. Resulting root-mean-square deviations are X rms (E We compare the results of calculation with experimental data in Fig. 3 as functions of neutron number. In this calculation the results of Sm (Z = 62), Os (Z = 76) and Pt (Z = 78) isotopes are also included, which are not taken into account in the fitting procedure. As is clear from the figure, both even-odd mass differences and moments of inertia are not well reproduced in heavy Os and Pt isotopes; especially even-odd mass differences are underestimated by about 20%, and moments of inertia overestimated by about up to 50% in Pt nuclei with N > ∼ 100. In these nuclei, lowlying spectra suggest that they are γ-unstable, and therefore correlations in the γ degrees of freedom are expected to play an important role. Except for these nuclei, the overall agreements have been achieved, particularly for deformed nuclei with N ≈ 90 − 100. It is, however, noted that some features seen in experimental data are not reproduced in the calculation: (1) The maximum at N = 90 and the minimum at N = 106 or 110 in the even-odd mass difference are shifted to N = 92 and N = 98, respectively. This is because details of the neutron single-particle level spacings in the present Nilsson potential are slightly inadequate. (2) The proton number dependences of both the even-odd mass difference and the moment of inertia are too weak: curves of both quantities bunch more strongly in the calculation. This trend is clearer in light Z nuclei, Z ≤ 68, for example, Gd or Dy; the even-odd mass difference in these isotopes decreases more slowly as a function of neutron number in the calculation, which results in the slower increase of the moment of inertia. This problem suggests that some neutron-proton correlations might be necessary. For comparison sake, results obtained by using the quadrupole-pairing interactions of the single-stretched and the non-stretched types are displayed in Fig. 4 . In the calculation of the single-stretched case, the values of the two parameters, d = 11 MeV and g 2 = 18, are employed, resulting X rms (E The merit of the Nilsson-Strutinsky method is that a global calculation is possible once the mean-field potential is given. We have then performed the calculation for nuclei in the actinide region with the same pairing interaction and the parameters as in the rare-earth region, i.e. the double-stretched quadrupole-pairing with d = 14 MeV and g 2 = 30. The result is shown in Fig. 5 . Nuclei in the light actinide region are spherical or weakly deformed with possible octupole deformations. The experimental moments of inertia suggest that nucleus in this region begins to deform at N ≈ 134, and gradually increases the deformation until a rather stable deformation is established at N > ∼ 140. In the nuclei with N = 88 and 90, the neutron number at which the deformation starts to grow is too large in the calculation, and the evenodd mass differences take considerably different behaviour from the experimental data. This disagreement possibly suggests the importance of octupole correlations. Except for these difficiencies, both even-odd mass differences and moments of inertia in heavy well-deformed nuclei are very well reproduced in the calculation. It should be emphasized that the parameters fixed in §2.3 for the rare-earth region are equally well applicable for the actinide region. §3. SCC method for constructing diabatic rotational bands
The SCC method 10) is a theory aiming at microscopic description of large amplitude collective motions in nuclei. The rotational motion is one of the most typical large amplitude motions. Therefore it is natural to apply the SCC method to the nuclear collective rotation. In Ref. 36) , this line has been put into practice for the first time in order to obtain the diabatic rotational bands, where the interband interaction associated with the quasiparticle alignments is eliminated. It has also been shown that the equation of path in the SCC method leads to the selfconsistent cranking model in the case of rotational motion. Corresponding to the uniform rotation about one of the principal axes of nuclear deformation, the one-dimensional rotation has been considered as in the usual cranking model. We keep this basic feature in the present work.
More complete formulation and its application to the ground state rotational bands (g-bands) in realistic nuclei have been done in Ref. 37) , followed by further applications to the Stockholm bands (s-bands) 38) and improved calculations with including the quadurpole-pairing interaction. 39) In these works the basic equations of the SCC method have been solved in terms of the angular momentum expansion (I-expansion). Thus, the A and B parameters in the rotational energy expansion, E(I) = A I(I + 1) + B [I(I + 1)] 2 , have been studied in detail. It is, however, well known that applicability of the I-expansion is limited to relatively low-spin regions. This limitation is especially severe in the case of the s-bands: One has to take the starting angular momentum I 0 (≈ 10h 38) ) and the expansion in terms of (I − I 0 ) is not very stable. Because of this problem comparisons with experimental data have not been possible for the s-bands. 38) In the present study, the rotational frequency expansion is utilized instead, according to the original work. 36) Then the diabatic cranking model is naturally derived. Thus, after obtaining the diabatic quasiparticle states, we construct the s-band as the two quasiparticle aligned band on the vacuum g-band at given rotation frequencies. This is precisely the method of the cranked shell model, 40) which has been established as a powerful method to understand the high-spin rotational bands accompanying quasiparticle excitations.
Another important difference of the present work from Refs. 37), 38), 39) is that the expansion method based on the normal modes of the random phase approximation (RPA) is used for solving the basic equations in these references. The method is very convenient to investigate detailed contents of the rotation-vibration couplings, e.g. how each normal mode contributes to the rotational A and/or B parameters, as has been discussed in Refs. 37), 38). On the other hand, we are aiming at a systematic study of rotational spectra of both g-and s-bands in the rare-earth region. Then the use of the RPA response-function matrix is more efficient for such a purpose, because it is not necessary to solve the RPA equation for all the normal modes explicitly.
It has to be mentioned that the problem of nucleon number conservation, i.e. the pairing rotation, can be treated similarly. 41) Actually, if the SCC method is applied to the spatial rotational motion, the mean value of the nucleon number changes as the angular momentum or the rotational frequency increases. A proper treatment of the pairing rotations is required, i.e. the coupling of the spatial and pairing rotations should be included. 41) However, it has been found 37) that the effect of the coupling is negligibly small for the case of the rotational motion in well deformed nuclei. Therefore, we simply neglect the proper treatment of the nucleon number in the following.
Although it is not the purpose of this paper to review applications of the SCC method to other nuclear structure phenomena, we would here like to cite a brief review 42) and some papers, in which low-frequency quadrupole vibrations are analyzed on the basis of the SCC method: anharmonic gamma vibrations, 43), 44), 45) shape phase transitions in Sm isotopes, 46), 47), 48) anharmonicities of the two phonon states in Ru and Se isotopes, 49) single-particle levels and configurations in the shape phase transition regions, 50) and a derivation of the Bohr-Mottelson type collective Hamiltonian and its application to transitional Sm isotopes. 51) 
Basic formulation
The starting point of the SCC method is the following time-dependent HartreeBogoliubov (TDHB) mean-field state
which is parametrized by the time-dependent collective variables θ(t) and I x (t) through the unitary transformation W (θ, I x ) from the ground (non-rotating) state |φ 0 . In the case of rotational motion, I x corresponds to the angular momentum about the rotating axis x, which is a conserved quantity, and θ is the conjugate angle variable around the x-axis. In order to guarantee the rotational invariance, W (θ, I x ) has to be of the form
where J x is the angular momentum operator about the x-axis, and G(I x ) is a onebody Hermite operator by which the intrinsic state is specified:
The generators of the unitary transformation W (θ, I x ) are defined by (∂W/∂q)W −1 for q = θ or I x , and they have, from Eq. (3 . 2), the form
One of the basic equations of the SCC method is the canonical variable conditions, 10) which declare that the introduced collective variables are canonical coordinate and momentum. In the present case they are given as
and form which the week canonical variable condition is derived:
The other basic equations, the canonical equations of motion for the collective variables and the equation of path, are derived by the TDHB variational principle, * ) 9) or by using the generators, Eqs. (3 . 4) and (3 . 5),
where O is an arbitrary one-body operator. Taking the generators as O and using the canonical variable conditions, Eqs. (3 . 6)−(3 . 8), one obtains the canonical equations of motion:θ
11)
with
where the rotational invariance of the Hamiltonian, [H, J x ] = 0, is used. Equation (3 . 12) is nothing else than the angular momentum conservation, and Eq. (3 . 11) tells us that the rotational frequency is constant, i.e. the uniform rotation. Making use of these equations of motion, the variational principle reduces to the equation of path
namely it leads precisely to the cranking model. The remaining task is to solve this equation to obtain the operator iG(I x ) under the canonical variable conditions, which are now rewritten as
In Ref. 37), Eqs. (3 . 14)−(3 . 16) are solved by means of the power series expansion method with respect to I x , which gives the functional form of the rotational frequency ω rot (I x ). It is, however, well known that the convergence radius of the power series expansion with respect to ω rot is much larger, so that the applicability of the method can be enlarged. 29) Thus, the independent variable is changed to be ω rot instead of I x in the equations above. In the following, we write the rotational frequency as ω in place of ω rot for making the notation simpler. Now the basic equations can be rewritten as
Note that the last equation is not the constraint now, but it just gives the functional form of the angular momentum I x in terms of ω. The first two equations, Eqs. (3 . 17) and (3 . 18) , are enough to get iG(ω), which makes the calculation simpler. The equation of motion is transformed to the canonical relation 20) with the total Routhian in the rotating frame
In order to show this, we note the following identity,
for an arbitrary ω-independent one-body operator O. Then, 
It is convenient to introduce a notation for the transformed operator, which is also expanded in power series of ω, 26) for which the following formula are useful; 27) and
Then the basic equations for solving iG(ω) in the n-th order in ω are 30) and the canonical relation is 31) where the total Routhian and the expectation value of the angular momentum are also expanded in power series,
The lowest order solution is easily determined: The n = 0 and 1 parts of Eq. (3 . 30) are satisfied trivially, while the n = 1 part of Eq. (3 . 29) is written as
where the subscript [ ] RPA means that only the RPA order term is retained; e.g. J xRPA = a † i a † j and a j a i parts of J x . This is the RPA equation, 35) with respect to the ground state |φ 0 , for the angle operator iΘ RPA conjugate to the symmetry conserving mode J xRPA , and we obtain
(1) 
Here B (n) and D (n) only contain iG (m) with m ≤ n − 1, and ∂iG (n) /∂ω = n iG (n) /ω and Eq. (3 . 35) are used. Equation (3 . 36) has the same structure as Eq. (3 . 33) or (3 . 34) and is an inhomogeneous linear equation for the amplitude g (n) (ij), where the inhomogeneous term is determined by the lower order solutions (see §3.3 for details).
As in the case of the first order equation, if iG (n) is expanded in terms of the complete set of the RPA eigenmodes which is composed of the non-zero normal modes and the zero mode (J xRPA , iΘ RPA ), the general solution of iG (n) contains the term proportional to J xRPA , and it is determined by Eq. (3 . 37). Once the boundary condition for iG (1) is chosen as above, however, the term proportional to J xRPA should vanish. In order to show this, one has to note that matrix elements of the Hamiltonian and of the angular momentum can be chosen to be real with respect to the quasiparticle basis (a † i , a i ) in a suitable phase convention, e.g. that of Ref. 28) .
Then the matrix elements of the RPA normal mode operators and the angle operator iΘ RPA are also real, and so does the matrix elements of iG (1) . If iG (n) is expanded in terms of the RPA eigenmodes, the imaginary part of its matrix elements arises only from the term proportional to J xRPA because iG (n) is anti-Hermite while J xRPA is Hermite. If we assume that iG (m) with m ≤ n − 1 has no J xRPA term so that its matrix elements are real, then the right hand side of Eq. (3 . 37) vanishes, because D (n) is an anti-Hermite operator with real matrix elements composed of iG (m) with m ≤ n − 1. Therefore, iG (n) neither contains the J xRPA term. Thus, the fact that the operator iG has no J xRPA term is proved by induction. The situation is exactly the same for the case of gauge rotation; the N RPA term (N is either the neutron or proton number operator) also does not appear in iG. The method to solve the above basic equations for our case of the separable interaction (2 . 1) will be discussed in detail in §3.3.
Diabatic quasiparticle states in the rotating frame
In the previous subsection the rotational motion based on the ground state |φ 0 is considered in terms of the SCC method. The same treatment can be done for one-quasiparticle states. The one-quasiparticle state is written in the most general form as
where iG(ω) as well as the amplitudes f i (ω) are determined by the TDHB variational principle. Generally iG(ω) for the one-quasiparicle state is not the same as that of the ground state rotational band because of the blocking effect. However, we neglect this effect and use the same iG(ω) in the present work following the idea of the independent quasiparticle motion in the rotating frame. 40) Then by taking the variation
with respect to the amplitudes f i , one obtains an eigenvalue equation,
Namely the excitation energy E ′ µ (ω) and the amplitudes f iµ (ω) of the rotating quasiparticle state µ are obtained by diagonalizing the cranked quasiparticle Hamiltonian defined by 44) where, due to the equation of path, Eq. (3 . 17) or (3 . 29),
• h ′ (ω) has no a † a † and aa terms. Introducing the quasiparticle operator in the rotating frame,
we can see that the one-quasiparticle state (3 . 40) is written as
and 
with ǫ
as a diabatic quasiparticle Routhian operator. If we take n max = 1 and use the solution (3 . 35), the first order Routhian operator is explicitly written as
with h ≡ one-body part of H. This Hamiltonian was used to construct a diabatic quasiparticle basis in Ref. 53 ) to study the g-s band crossing problem. We will show in §3.4 that the inclusion of higher order terms improves the quasiparticle Routhian in comparison with experimental data. In order to study properties of one-body observables in the rotating frame, for example, the aligned angular momenta of quasiparticles, an arbitrary one-body operator O has to be expressed in terms of the diabatic quasiparticle basis (3 . 45);
where the matrix elements are written as
It is clear from this expression that there are two origins of the ω-dependence of the matrix elements; one is the effect of collective rotation, Eq. (3 . 26), which is treated in the power series expansion in ω and truncated up to n max , and the other comes from the diagonalization of the quasiparticle Routhian operator, Eq. (3 . 42). Our method to calculate the rotating quasiparticle states can be viewed as a two-step diagonalization; the first step is the unitary transformation e iG(ω) , which eliminates the dangerous terms, the a † a † and aa terms, of the Routhian operator
• h ′ up to the order n max in ω leading to the diabatic basis, while the second step diagonalizes its one-body part, the a † a -terms. We shall discuss this two-step transformation in more detail in §4.1. In this way we can cleanly separate the effects of the collective rotational motion on the intrinsic states of the g-band and on the independent quasiparticle motion in the rotating frame. As long as the one-step diagonalization is performed as in the case of the usual cranking model, this separation cannot be achieved and the problem of the unphysical interband mixing is inevitable.
Solution of the equation of path by means of the RPA response function
Now we present a concrete procedure to solve the equation of path, Eq. (3 . 17), for our Hamiltonian which is composed of the Nilsson single-particle potential and the multi-component separable interaction (2 . 1). Let us rewrite our total Hamiltonian in the following form: 55) where Q ρ are Hermite operators satisfying 56) and |φ 0 is the HB ground state of H. * ) The mean-field Hamiltonian h includes the pairing potential and the number constraint term as well as the Nilsson Hamiltonians: 57) where the nuclei under consideration are assumed to be axially symmetric at ω = 0. Our Hamiltonians has a symmetry with respect to the 180 • -rotation around the rotation-axis (x-axis), the quantum number of which is called signature, r = e −iα ; therefore the operators Q ρ are classified according to the signature quantum numbers, 7) r = ±1 or α = 0, 1. Moreover, we can choose the phase convention 28) in such a way that the matrix elements of the Hamiltonians H and of the angular momentum J x are real. Then the operators Q ρ are further classified into two categories, i.e. real and imaginary operators, whose matrix elements are real and pure imaginary, respectively. Since expectation values of the signature r = −1 (α = 1) operators and of the imaginary operators vanish in the cranking model, operators with signature r = +1 and real matrix elements only contribute to the equation of path for the collective rotation. This observation is important. As shown in the end of §3.1, the boundary condition (3 . 35) for the collective rotation leads that the transformation operator iG(ω) does not contain the J xRPA part in all orders. Absence of the imaginary operators guarantees that the matrix elements of iG(ω) are real and Eq. (3 . 18) is automatically satisfied: We need not use this equation anymore. Thus, the operators that are to be included in Eq. (3 . 55) in order to solve the basic equations for iG(ω) are 58) and correspondingly the strengths are
where τ = ν, π distinguishes the neutron and proton operators. Here the following definitions are used; for the pairing operators, P 00+ = P † 00 + P 00 , P 00− = i P † 00 − P 00 ,
and for signature coupled operators,
in which the superscript (±) denotes the signature r = ±1, and :O: ≡ O − φ 0 |O|φ 0 . The quasiparticle creation and annihilation operators should also be classified according to the signature quantum number; a † i for r = +i (α = −1/2) and a † i for r = −i (α = +1/2). Then the mean-field Hamiltonian h is expressed in terms of them as
where i>0 means that only half of the single-particle levels has to be summed corresponding to the signature classification, and the quasiparticle energy at ω = 0 satisfies E i = Eī. In the same way, Q ρ are written as
where the matrix elements satisfy, at ω = 0, q A ρ (ji) = ±q A ρ (ij) and q B ρ (ij) = ± q B ρ (ij) for Q ρ with the time-reversal property being ±, if the phase convention of Ref . 28) is used. Now let us consider the method to solve the equations for iG(ω). As is already discussed in §3.1, the solution is sought in the form of power series expansion in ω, where the n-th order term iG (n) is written as
The n-th order equation Eq. (3 . 36) has the structure of an inhomogeneous linear equation for the amplitudes g (n) (ij),
where K is the RPA energy matrix
and the amplitudes b (n) (ij) in the inhomogeneous term are defined by a † a † and aa parts of
For the first order n = 1, B (1) = ωJ xRPA and Eq. (3 . 65) determines the RPA angle operator iΘ RPA , as discussed in §3.1. Since the part of interaction composed of the imaginary operators, e.g. P 00− , P 20− and Q
21 etc., which are related to the symmetry recovering mode J xRPA (and N RPA ) are not included, the RPA matrix K (with signature r = +1) has no zero-modes and can be inverted without any problem. However, the dimension of the RPA matrix is not small in realistic situations, and therefore we invoke the merit of separable interactions; by using the responsefunction matrix for the Q ρ operators, the inversion of the RPA matrix is reduced to the inversion of the response-function matrix itself whose dimension is much smaller. Inserting the Hamiltonian (3 . 55) into Eq. (3 . 36), we obtain
where
Then inhomogeneous linear equations for Q (n) ρ can be easily derived as
Note that R ρσ are the response functions for operators Q ρ and Q σ at zero excitation energy, and nothing but the inverse energy weighted sum rule values (polarizability). Equation (3 . 70) is much more easily solved than Eq. (3 . 65) because of the huge reduction of dimension, and we obtain
where the matrix notations are used for R = (R ρσ ) and χ = (δ ρσ χ ρ ). Apparently the n = 1 solution gives the Thouless-Valtin moment of inertia,
and
where J A x (ij) denote the a † a † and aa parts of J x , and the summation (ρ, σ) in Eq. (3 . 74) runs, at ω = 0, only over ρ, σ = P (+)τ 21+ , namely the K = 1 quadrupolepairing component. Once the perturbative solution of iG(ω) is obtained, the quasiparticle energy can be calculated by diagonalizing
and one obtains
where the first and second terms in these two equations correspond to the quasiparticle states with signature r = +i (α = −1/2) and r = −i (α = +1/2), respectively. At the end of this subsection a few remarks are in order: First, although it is assumed that the starting state |φ 0 is the ground state at ω = 0, the formulation developed above can be equally well applied also when the finite frequency state at ω = ω 0 is used as a starting state; i.e. |φ 0 is determined by δ φ 0 |H − ω 0 J x |φ 0 . In such a case, however, the power series expansion should be performed with respect to (ω − ω 0 ). In fact, the method has been applied in Ref. 38 ) to describe the s-band by taking the starting state as the lowest two quasineutron state at finite frequency, although the angular momentum expansion in (I − I 0 ) is used in it. Secondly, as can be inferred from the form of the n-th order solution (3 . 72), the ω-expansion is based on the perturbation with respect to the quantity ω/(E i + E j ) (or ω/ω λ (RPA), if the equation is solved in terms of the RPA eigenmodes). Therefore, it is expected that the convergence of the ω-expansion becomes poor when the average value of the two quasiparticle energies is reduced: It is the case for the situation of weak pairing, or when one takes the starting state at a finite frequency where highly alignable two quasiparticle states have considerably smaller excitation energies. The difficulty in the calculation of s-band in Ref. 38 ) is possibly caused by this problem. Thirdly, as mentioned already, the expectation value of the nucleon number is not conserved along the rotational band. This is because the number operator N τ does not commute with iG(ω); namely, there exists a coupling between the spatial and the pairing rotations. In order to achieve rigorous conservation of nucleon numbers, one has to apply the SCC method also to the pairing rotational motion, 41) and combine it to the present formalism. In view of such a more general formulation, the energy in the rotating frame (3 . 21) calculated in the present method is actually the double Routhian H ′′ (ω, λ τ = λ 0τ ), where λ 0τ is the chemical potential fixed to conserve the number at the ground state ω = 0. The ω-dependence of the expectation value of number operator starts from the second order, and its coefficient is very small as will be shown in §3. 4 . Therefore the effect of number non-conservation along the rotational band is very small; this fact has been checked in Ref. 37 ) by explicitly including the coupling to the pairing rotation. Finally, this method utilizing the response-function matrix can be similarly applied to the case of the (η * , η)-expansion of the SCC method for problems of collective vibration. In such a case, a full RPA response matrix (containing both real and imaginary operators) is necessary, and one has to choose one of the RPA eigenenergies, to which the solution is continued in the small amplitude limit, as the excitation energy of the response function.
Application to the g-and s-bands in rare-earth nuclei
We apply the formulation of the SCC method for the collective rotation developed in the previous subsections to even-even deformed nuclei in the rare-earth region. In this calculation, the same Nilsson potential (the ls and ll parameters from MeV for the monopole-pairing interaction, by which monopole-pairing gaps calculated with the use of the above model space roughly reproduce the experimental even-odd mass differences (see Eq. (2 . 10), and note that an extra difference of the constant "c" in it between neutrons and protons comes from the difference of the model space). As for the double-stretched quadrupole-pairing interaction, we take g ν 2 = g π 2 = 24 (see Eq.(2 . 9)), by which overall agreements are achieved for the moments of inertia. The results are summarized in Table II . Here calculated energy gaps ∆ are the monopole-pairing gaps, but they are very similar to the average pairing gaps (2 . 14) because the double-stretched quadrupole-pairing interaction is used. The isoscalar (double-stretched) quadrupole interaction does not contribute to the Thouless-Valatin moment of inertia J 0 , but affects the higher order Harris parameter J 1 . We do not fit the strengths for each nucleus, but use κ 2K = 1.45 κ self One of the most important output quantities is the rotational energy parameters, i.e. the Harris parameters, in our formalism of the ω-expansion. Up to the third order,
where I = 0, 2, 4, · · · (h) for the K = 0 ground state bands. 40) The results are summarized in Table II in comparison with experimental data, where the experimental Harris parameters J 0 and J 1 are extracted from the E 2 + and E 4 + of the ground state band as follows:
If the resultant parameter becomes negative or J 1 gets greater than 1000h 4 /MeV 3 , then only J 0 = 3/E 2 + parameters are shown in Table II . It is seen from the table that two Harris parameters are nicely reproduced, especially their mass number dependence. In contrast to the J 0 parameter, for which only the residual quadrupole pairing interaction affects, the J 1 parameter are sensitive to all components of the residual interaction. In other words, J 1 reflects the mode-mode couplings of the collective rotation to other elementary excitation modes. Therefore the SCC method with the present residual interaction is considered to be a powerful means to describe the "non-adiabaticity" of nuclear collective rotations. Details of coupling mechanism has been investigated in Ref. 37 ) by decomposing the contributions from various RPA eigenmodes: It has been found that the couplings to the pairing vibrations and collective surface vibrations are especially important. Although the main contributions come from the collective modes, many RPA eigenmodes have to be included to reach the correct results, see also Ref. 44 ) for this point. The method of the response-function matrix described in §3.3 is very useful to include all RPA eigenmodes. Table III . Results of the ω-expansion for some observables in Er (Z = 68) isotopes. Q Table II , and those of Q (+) 22 are zero (axially symmetric at ω = 0). Units of each quantity are shown in the second raw. Expectation values of other observable quantities are also expanded in power series of ω, and their coefficients give us important information about the response of nucleus against the collective rotation. In Table III we show examples for the nucleon number, monopole-pairing gaps, and mass quadrupole moments:
They are time-reversal even quantities so that the series contains up to the second order within the third order calculations. It should be noticed that these ω-expanded quantities are associated with the properties of the diabatic ground state band, which becomes non-yrast after the g-s band-crossing. As remarked in the end of §3.3, (N τ ) 1 = 0 means that the nucleon number is not conserved along the rotational band. However, its breakdown is rather small; even in the worst case of 156 Er in Table III the deviation is about 1.3 at ω = 0.3 MeV, and it is less than 0.1 at ω = 0.1 MeV in 166 Er. It is well known that the pairing gap decreases as a function of ω due to the Coriolis anti-pairing effect. It is sometimes phenomenologically parametrized as 55)
Thus, our ω-expansion method precisely gives the phenomenological parameter ω c = −∆ 0 /2∆ 1 (∆ 1 < 0) in Eq. (3 . 83) from microscopic calculations. As shown in Table III , (∆ ν ) 1 varies considerably along the isotopic chain. The (Q 2K ) 1 are related to the shape change at high-spin states, and tell us how soft the nucleus is against rapid rotation. Since nuclei studied in the present work are axially symmetric in their ground states, (Q 20 ) 1 and (Q 22 ) 1 serve as measures of softness in the β-and γ-directions, respectively. As seen in Table III the isotopes get harder in both directions as the neutron number increases; especially, the N = 88 and N = 90 isotopes are known to undergo a shape change from the prolate collective to the oblate noncollective rotation scheme at very high-spin states ("band termination" 56) ), while heavier isotopes (N ≥ 96) are known to be well deformed keeping prolate shape until the highest observed spins. These features have been well known from the calculations of the potential energy surface in the (ǫ 2 , γ)-plane, and our results seem to agree with them qualitatively. In order to see the effect of the residual interactions, the result obtained by neglecting them, i.e. that of a simple higher order Coriolis coupling calculations, is shown in Table IV. Comparing it with Tables II and III, it is clear that the residual interactions play an important role in the ω-dependence of observables. For example, J 1 Harris parameter becomes quite small by a factor of about 1/2−1/3 when the residual interactions are switched off. The effect on the second order coefficients of the quadrupole moment is more dramatic and leads to about an order of magnitude reduction in soft nuclei. Now let us study the quasiparicle Routhians obtained by means of the SCC method. It is mentioned in §3.2 that the two step diagonalization with the truncation of the ω-expansion up to n max , c.f. Eq. (3 . 48), leads to diabatic quasiparticle states in the rotating frame, in which the negative and positive eigenstates do not interact with each other. We show in Figs. 6 and 7 calculated quasiparticle Routhians for neutrons and protons, respectively. It is confirmed that the diabatic quasiparticle states are obtained. As discussed in §3.2, the diagonalization of the quasiparticle Hamiltonian in the SCC method is completely equivalent to that of the selfconsistent cranking model, which is known to lead to the adiabatic levels, if the first step unitary transformation e iG(ω) is treated non-perturbatively in full order. Then what is the mechanism that realizes the diabatic levels? We believe that the cutoff of the ω-expansion extracts the smoothly varying part of the quasiparticle Hamiltonian; namely, ignoring its higher order terms eliminates the cause of abrupt changes of the microscopic internal structure by quasiparticle alignments. An analogous mechanism has been known for many years in the Strutinsky smoothing procedure: 14) The δ-function in the microscopic level density is replaced by the Gaussian smearing function times the sum of the Hermite polynomials (complete set), and the lower order cutoff of the sum (usually 6th order is taken) gives the smoothed level density. It should be noted, however, that the plateau condition guarantees that the order of cutoff does not affect the physical results in the case of the Strutinsky method. We
have not yet succeeded in obtaining such a condition in the present case of the cutoff of the ω-expansion in the SCC method for the collective rotation. Therefore we have to decide the n max value by comparison of the calculated results with experimental data. We mainly take n max = 3 in the following; determination of the optimal choice of n max remains as a future problem. In Figs. 6 and 7 the results obtained by truncating up to the first order (n max = 1) and the third order (n max = 3) are compared. It is clear that the higher order terms considerably modify the quasiparticle energy diagrams. Especially, the alignments of the lowest pair of quasiparticles are reduced for neutrons (low K states of the i 13/2 -orbitals), while they are increased for protons (medium K states of the h 11/2 -orbitals). Thus, the higher order effects depend strongly on the nature of orbitals. It should be stressed that the effects of the residual interaction, i.e. changes of the mean-field against the collective rotation, are contained in the quasiparticle diagrams presented in these figures. In this sense, they are different from the spectra of the cranked shell model, 40) where the mean-field is fixed at ω = 0. In Fig. 8 are displayed the usual adiabatic quasineutron Routhians and the third order SCC Routhians, in both of which the residual interactions are neglected completely. Again, by comparing Fig. 8 with Fig. 6 , it is seen that the effect of residual interactions considerably changes the quasiparticle states. In relation to the choice of n max , we compare in Fig. 9 the Routhians obtained by changing the cutoff order n max = 1, 3, 5. In this figure, the usual non-selfconsistent adiabatic Routhians are also displayed, and for comparison's sake, the residual interactions are completely neglected in all cases. Moreover, the rotational frequency is extended to unrealistically large values in order to see the asymptotic behaviors of the Routhian. Comparing the adiabatic Routhians with those of the SCC method, positive and negative energy solutions cross irrespective of the strength of level-repulsion. Although the adiabatic levels change their characters abruptly at the crossing, if their average behaviors are compared to the calculated ones, the third order results (n max = 3) agree best with the adiabatic levels. The first order results, for example, give the alignments (the slopes of Routhians) too large. On the other hand, the divergent behaviors are clearly seen at about ω ≥ 0.8 MeV in the fifth order results. The inclusion of the effect of the residual interactions makes this convergence radius in ω even smaller. Finally, we would like to discuss the results of application of the present formalism to the g-and s-bands, which are observed systematically and compose the yrast lines of even-even nuclei. Although we can compare the Routhians (3 . 21), or equivalently the rotational energy (3 . 13), it is known that the relation I x versus ω gives a more stringent test. Therefore we compare the calculated I x − ω relation with the experimental one in Fig. 10 for even-even nuclei in the rare-earth region, in which the band crossings are identified along the yrast sequences. In this calculation the I x (ω) of the g-band is given by Eq. (3 . 77) with calculated values of the Harris parameters (see Table II ). As for the I x (ω) of the s-band, we calculate it on the simplest assumption of the independent quasiparticle motions in the rotating frame, which is the same as that of the cranked shell model: where α † 1 (ω) and α † 1 (ω) are the lowest r = +i and r = −i quasineutron creation operators in the rotating frame. Then, the I x (ω) of the s-band is the sum of I x (ω) of the g-band and the aligned angular momenta of two quasineutrons, which are calculated according to Eqs. (3 . 51)−(3 . 54), (3 . 85) or by using the canonical relation between the Routhian and the aligned angular momentum, the alignments i µ and iμ can be calculated as usual:
Since our quasiparticle Routhians behave diabatically as functions of the rotational frequency, the resultant g-and s-bands are also non-interacting bands; we have to mix them at the same angular momentum to obtain the interacting bands corresponding to the observed bands. Such a band mixing calculation is straightforward in our formalism if the interband g-s interaction is provided. However, it is a very difficult task as long as the usual adiabatic cranking model is used. In the present stage we are not able to estimate the g-s interband interaction theoretically. Therefore, we do not attempt to perform such band-mixing calculations in the present paper (but see §4.2).
Looking into the results displayed in Fig. 10 , one see that our diabatic formalism of collective rotation based on the SCC method is quite successful. The overall agreements are surprisingly good, considering the fact that we have only used a global parametrization of the strengths of the residual interaction:
for the model space of three N osc -shells (4−6 for neutrons and 3−5 for protons). The agreements of the calculated g-bands come from the fact that the Harris parameters (Table II) are nicely reproduced in the calculation. Further agreements of the sbands are not trivial, and tell us that we have obtained reliable diabatic quasiparticle spectra (Figs. 6 and 7) . It is known that, if the I x − ω relations of s-bands are parametrized in the form, I x = i + J 0 ω + J 1 ω 3 , the J 1 Harris parameters of sbands are systematically smaller than those of g-bands. This feature is quite well reproduced in the calculations, as is clearly seen in Fig. 10 , and the reason is that the value of the aligned angular momentum of two quasineutrons decreases as a function of ω. The suitable decrease is obtainable only if the residual interactions are included and the diabatic quasiparticle Routhians are evaluated up to the third order. §4. Diabatic quasiparticle basis and the interband interaction between the g-and s-bands
The formulation of the previous section gives a consistent perturbative solution, with respect to the rotational frequency, of the basic equations of the SCC method for collective rotation. However, it has a problem as a method to construct the diabatic quasiparticle basis: The wave functions of the diabatic levels are orthonormal only within the order of cutoff (n max ) of the ω-expansion. In the previous section only the independent quasiparticle states, i.e. one-quasiparticle states or the g-and s-bands, are considered and this problem does not show up. The quasiparticle states have another important role that they are used as a basis of complete set for a more sophisticated many body technique beyond the mean-field approximation; for example, the study of collective vibrations at high spin in terms of the RPA method in the rotating frame. 7), 52), 57), 58), 59), 60) In such an application it is crucial that the diabatic quasiparticle basis satisfies the orthonormal property. We present in this section a possible method to construct the diabatic basis satisfying the orthonormality condition.
Another remaining problem which is not touched in the previous section is how to theoretically evaluate the interband interaction between the ground state band and the two quasineutron aligned band. Since we do not have satisfactory answer yet to this problem, we only present a scope for possible solutions at the end of this section.
Construction of diabatic quasiparticle basis in the SCC method
Although the basic idea is general, we restrict ourselves to the case of collective rotation and use the good signature representation with real phase convention, introduced in §3.3, for the matrix elements of the Hamiltonian H and of the angular momentum J x . First let us recall that the diabatic quasiparticle basis in the rotating frame is obtained by the two step unitary transformation (3 . 45). The first transformation by e iG(ω) can be represented as follows, 10) 
with real matrix elements g ij (ω) = n≥1 ω n g (n) (ij), see Eq. (3 . 64), where g T denotes the transpose of g. Thus, by using an obvious matrix notation, the transformation to the rotating quasiparticle operator from the ω = 0 quasiparticle operator is given as
where the real matrix elements f iµ (ω) andf iµ (ω) are the amplitudes that diagonalize the quasiparticle Hamiltonian in the rotating frame, see Eq. (3 . 42), for signature r = +i and −i, respectively. The cutoff of the ω-expansion means that the generator iG(ω), i.e. the matrix g, is solved up to the n = n max order, 5) and at the same time the transformation matrix G(ω) itself is treated perturbatively 6) while the other one, F(ω), is treated non-perturbatively by the diagonalization procedure. The origin of difficulty arising when the diabatic basis is utilized as a complete set lies in this treatment of G(ω), because the orthogonality of the matrix G(ω) is broken in higher-orders. Now the solution to this problem is apparent: The generator matrix g(ω) is solved perturbatively like in Eq.(4 . 5), but the transformation matrix G(ω) has to be treated non-perturbatively as in Eq. (4 . 3). In order to realize this treatment we introduce new orthogonal matrices, D andD, which diagonalize gg T and g T g within the signature r = +i and −i states, respectively,
where we have used the fact that the matrices gg T and g T g have common eigenvalues, which are non-negative, and then we have
Here (cos θ) and (sin θ/θ) denote diagonal matrices, whose matrix elements are δ ij cos θ i and δ ij sin θ i /θ i , respectively. The physical meaning is that the orthogonal matrices D andD are transformation matrices from the quasiparticle operators (a † i , a i ) and (a † i
, aī) at ω = 0 to their canonical bases, which diagonalize the density matrices ρ andρ with respect to the rotational HB state |φ intr (ω) , respectively;
Thus the method to construct the rotating quasiparticle basis is summarized as follows. First, solve the basic equation of the SCC method and obtain the generator matrix g(ω) up to the n max order as in Eq. (4 . 5). At the same time, diagonalize the quasiparticle Hamiltonian and obtain the eigenstates as in Eq. (3 . 42) for both signatures r = ±i. Secondly, diagonalize the density matrices (4 . 9), or equivalently Eq. (4 . 7), and obtain the orthogonal matrices D andD of the canonical bases. Finally, by using these matrices D andD calculate the transformation matrix G(ω) as in Eq. (4 . 8), and then the basis transformation is determined by Eq. (4 . 4). It is instructive to consider a concrete case of the cranked shell model; i.e. the effect of residual interactions or the selfconsistency of mean-field is neglected at ω > 0. The quasiparticle basis is obtained by diagonalizing the generalized Hamiltonian matrix: , cī) (in the good signature representation), 11) or in the matrix notation
In contrast, the transformation U is decomposed into three steps in our construction method of the diabatic quasiparticle basis; (i) the Bogoliubov transformation U 0 between the nucleon (c,c † ) and the quasiparticle (a,ā † ) at ω = 0,
where u and v are the matrices of transformation at ω = 0, (they are diagonal, e.g. u ij = u i δ ij , if only the monopole-pairing interaction is included), (ii) the transformation matrix G(ω) in Eq. (4 . 4), generated by e iG(ω) , and (iii) the diagonalization step of the rotating quasiparticle Hamiltonian F(ω) in Eq. (4 . 4), see also Eq. (3 . 42), namely
(4 . 14)
Here both G(ω) and F(ω) depend on the order of cutoff n max in solving the generator iG(ω) by the ω-expansion method, but they themselves have to be calculated nonperturbatively, especially for G by Eq. (4 . 8) with (4 . 7). As noticed in the end of §3.3, we can apply the SCC method starting from the finite frequency ω 0 . In such a case U 0 is the transformation at ω = ω 0 , and G and F are obtained by expansions in terms of (ω − ω 0 ); thus,
It should be stressed that the transformation (4 . 14) only approximately diagonalize the Hamiltonian in Eq. (4 . 10) within the n max order in the sense of ω-expansion. Namely, some parts of the Hamiltonian corresponding to the terms higher order than n max are neglected, and this is exactly the reason why we can obtain the diabatic basis, whose negative and positive solutions are non-interacting. In the case where the effect of residual interactions is neglected, i.e. corresponding to the higher order cranking, we can easily solve the basic equations of the SCC method. It is useful to present the solution for practical purposes; for example for the construction of the diabatic quasiparticle basis for the cranked shell model calculations. The solutions for g (n) up to the third order are given as follows: 18) and the solutions for the rotating quasiparticle Hamiltonian (3 . 48)−(3 . 49): 
Estimate of the g-s interaction
Once the diabatic g-and s-bands states (3 . 84) are obtained as functions of ω, one can immediately construct them as functions of angular momentum I, because the I x − ω relation has no singularity, as shown in Fig. 10 , and can easily be inverted: |φ g (I) = |φ g (ω g (I)) , |φ s (I) = |φ s (ω s (I)) , (4 . 23) where ω g (I) and ω s (I) are the inverted relations of (3 . 85) with I x = I + 1/2. Physically, one has to consider the coupling problem between them at a fixed spin value I. It is, however, a difficult problem because one has to calculate, for example, a matrix element like φ s (I)|H|φ g (I) , which is an overlap between two different HB states; they are not orthogonal to each other due to the difference of the frequencies ω g (I) and ω s (I). Although such a calculation is possible by using the Onishi formula for the overlap of general HB states, 35) it would damage the simple picture of quasiparticle motions in the rotating frame, and is out of scope of the present investigation.
Here we assume that the wave functions varies smoothly along the diabatic rotational bands as functions of spin I or frequency ω, so that the interband interaction between the g-and s-bands can be evaluated at the common frequency by v g-s (I) = φ s (ω gs (I))|H|φ g (ω gs (I)) , (4 . 24) where ω gs is defined by an average of ω s and ω g , is defined as a frequency at which the lowest diabatic two quasiparticle energy vanishes, E ′ 1 (ω) + E ′ 1 (ω) = 0. Using the fact that |φ s (ω) is the two quasiparticle excited state on |φ g (ω) (see Eq. (3 . 84)), the interaction can be rewritten as v g-s (I) = ω gs (I) φ s (ω gs (I))|J x |φ g (ω gs (I)) , where f i1 (ω) andf j1 (ω) are the amplitudes of the diabatic quasiparticle diagonalization (3 . 42) for the lowest r = ±i quasineutrons, and should be calculated nonperturbatively with respect to ω.
In Fig. 11 (right panel) , we show the result evaluated by using Eq. (4 . 28) for a simple single-j shell model (i 13/2 ) with a constant monopole-pairing gap and no residual interactions, in which the single-particle energies are given by e i = κ 3m 2 i − j(j + 1) j(j + 1) (m i = 1/2, · · · , j), (4 . 29)
with a parameter κ describing the nuclear deformation. In this figure other quantities, the alignment of the lowest two quasiparticle state, the number expectation value, and the crossing frequency are also shown as functions of the chemical potential. These quantities can also be evaluated in terms of the usual adiabatic cranking model, and they are also displayed in the left panel. Note that in the adiabatic cranking model the crossing frequency is defined as a frequency at which the adiabatic two quasiparticle energy E ′(ad) 1
(ω) becomes the minimum, and the interband interaction is identified as the half of its minimum value. 40) As is well known, 61) the g-s interaction oscillates as a function of the chemical potential, and both the absolute values and the oscillating behavior of the result of calculation roughly agree with the experimental findings. Comparing two calculations, the interband interaction (4 . 28) seems to give a possible microscopic estimate based on the diabatic description of the g-and s-bands. We would like to stress, however, that its derivation is not very sound. It is an important future problem to derive the coupling matrix element on a more sound ground. §5. Concluding remarks
In this paper, we have formulated the SCC method for the nuclear collective rotation. By using the rotational frequency expansion rather than the angular momentum expansion, we have applied it to the description of the g-and s-bands successfully. The systematic calculation gives surprisingly good agreements with experimental data for both rotational bands. It has been demonstrated that the resultant quasiparticle states develop diabatically as functions of the rotational frequency; i.e. the negative and positive energy levels do not interact with each other. Although the formulation is mathematically equivalent to the selfconsistent cranking model, the cutoff of the ω-expansion results in the diabatic levels and its mechanism is also discussed. The perturbative ω-expansion is, however, inadequate to use the resultant quasiparticle basis states as a complete set. We have then presented a method to construct the diabatic quasiparticle basis set, which rigorously satisfies the orthonormality condition and can be safely used for the next step calculation, e.g. the RPA formalism for collective vibrations at high-spin. In order to obtain a good overall description of the rotational band for nuclei in the rare-earth region, we have investigated the best possible form of residual quadrupole-pairing interactions. It is found that the double-stretched form factor is essential for reproducing the even-odd mass difference and the moment of inertia simultaneously.
Since the calculated g-and s-bands in our formulation are diabatic rotational bands, the interband interaction between them should be taken into account for their complete descriptions. As in any other mean-field model, however, the wave function obtained in our formalism is a wave packet with respect to the angular momentum variable. Therefore, it is not apparent how to evaluate the interband interaction from microscopic point of view. We have presented a possible estimate of the interaction, which leads to a value similar to that estimated by the level repulsion in the adiabatic cranking model. Further investigations are still necessary to give a definite conclusion to this problem.
